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Event-Related P o t m t i a l s  and Ratings 
of Workload and Fatigue 
Michael B i f  ern0 
Mcbnnell  Douglas Corporation, Douglas Aircraf t  Cmpany 
Long Beach, Califorrri. 
Event-related poten t ia l s  were e l i c i t e d  when a d ig i t i zed  word 
representing a pilot's call-sign w a r  preseoted. This audi ory probe 
was presented during 27 workload conditions i n  a 3~3x3 design where 
the following variables  were manipulated: s h o r t - t m  r c m ~ ~  load, 
tracking task  d i f f i c u l t y ,  and time-on-taak. Ratings of vorkload and 
fa t igue  vere  obtained between each t r i a l  of a 2.5 hour t e s t .  The data  
of each rubject  were analysed individually t o  determine whether 
8 ignif  icant  cor re la t ions  ex is ted  betveea sub jec t  ive r a t i ngs  and EBP 
component rearures  . Results indicated t h a t  a s ign i f icant  number of 
subjects  had pos i t ive  cor re la t ions  between: ( 1)  r a t i ngs  of workload 
and P3W amplitude, (2) r a t i ngs  of workload and H400 amplitude, and 
(3)  r a t i ngs  of fa t igue  and P300 amplitude. Theae data  are the f Lrst 
t o  shov c o r r e l a t i ~ n e  betveeu ra t ings  of vorkload o r  f a t i gue  snd E W  
components thereby reinforcing t h e i r  va l id i ty  a s  measures of u n t a l  
workload and fatigue. Since ra t ings  of fa t igue  and uorkload v a t  
s ign i f icant ly  correlated f o r  16 of 20 subjects ,  fu tu re  s tudies  of 
vorkload would benefi t  from examining the re la t ionship  betwem thea. 
For reasom of safety,  the design of highly automated a y s t e u  requi res  t h a t  
consideration be given t o  the vorkload and fa t igue  of the operator (Weiner and 
Curry, 1980; L p a n  and Orlady, 1981). Incorporation of workload data  i n t o  the 
thinking of the design engineer, hovever, requires t ha t  vorkload be quant if ied 
and measured in va l id ,  r e l i a b l e  and standardized vays. 
Ratings of vorkload and fa t igue  have been ava i lab le  f o r  many years but few of 
the techniques have establ ished t h e i r  va l id i ty  o r  r e l i a b i l i t y  v i t h  standard 
psychometric techniques (Wierwil l e ,  1979). 'Rro exceptions a r e  techniques 
developed by agencies of :he United S ta tes  government: Bipolar-adjective 
ra t ing  scales  (Hart, Ba t t i s t e  and Lester, 1984;, and Subjective Warkload 
Assessment Technique, otherwise kncvn as SWAT (Reid, Xggemeier , Shingledecker, 
1981). Laboratory s tudies  have established the construct va l id i ty  and 
test-retes  t r e l i a b i l i t y  of these measures (Childrees, Hart and Bortolus;, 1982; 
Eggemeier, Crabtree, Zizigg, Reid and Shingledecker, 1982). 
The standard prac t ice  i n  evaluating operator workload is t o  ask a t ra ined  
operator about h i s  o r  her vork. Uany subject ive assessment techniques a r e  
avai lable  but there a r e  a var ie ty  of methodological problems associated with 
each cf them (Ui l l iges  and Wierville,  1979). Some of the disadvantages include 
biased reporting , d i s t o r t  ions and forgetting. The use of subject ive measures 
of ten  in t e r f e re s  with the process under invest igat ion by imposing demand 
charac te r i s t ics  vhich can enhance o r  degrade the behavior being studied (Stave, 
1977; Ualster and Aronson, 1967). This in te r fe r ing  nature of subject ive 
measures makes them amt d 3 f i c u l t  t o  employ when an impart ia l  vorkload 
analysis  is required. These problems aside,  the design engineer w i l l  continue 
t3 re ly  on subject ive measures because they a re  readi ly ava i lab le ,  persuasive, 
e a s i l y  administered,  lw c o s t ,  and they can be e a s i l y  in te rp re ted .  Engineering 
w i l l  continue t o  use s u b j e c t i v e  measures u n t i l  something b e t t e r  i r  ava i l ab le .  
Something b e t t e r  would be a measurerent technique t h a t  is more v a l i d ,  Pore 
r e l i a b l e  o r  l e s s  susceptable  t o  biasing.  
E lec t rocor t  i c a l  measures of vorkload may o f f e r  a b e t t e r  technique under some 
c i r c ~ t r n c e s  ( b r a y ,  1979; O'Donnell, 1979). The e l e c t r o c o z t i c a l  measure of 
p a r t i c u l a r  i n t e r e s t  i s  t h e  P3OO component of t.\e event-related p o t e n t i a l  (EBP) 
which is some:imes c a l l e d  t h e  late p o s i t i v e  component (Donchin, 1979). E8Ps 
can not be eau i ly  biased s i n c e  sub jec t s  are not aware of variations i n  t h e i r  
o m  e l e c t r o c o r t i c a l  a c t i v i t y  and t h e r e f o r e  cannot modify t h e i r  EEP a c t i v i t y  in 
a highly  s e l e c t i v e  fashion. EEP measurerent cau a l s o  be r e l a t i v e l y  unobt rus ive  
and r o n i n t e r f e r i n g  i f  proper ly  implemented. EBP measurement does n o t  r e q u i r e  
conscious mediation and they can be recorded i n  ways which blend i n t o  many w o k  
envirc-nts. For example, EBPs can be recorded f r o a  speech stiartli vhich are 
a p a r t  of t h e  operator's normal c o a t n i c a t i o n  d u t i e s  (Biferno and Bigham, 
1982). 
Despi te  these  advantages, phys io log ica l  measures are no t  widely employed t o  
quan t i fy  workload f o r  a number of reasons. The most i r p o r t a n t  reason is t h a t  
no p r a c t i c a l  measure exists. Although EBPs a r e  knovn t o  be r e l a t e d  t o  b r a i n  
events  and t o  h u u n  i n f o ~ t i o n  processing a c t i v i t e s ,  the  corplex r e l a t i o n s h i p  
p r o n g  t h e  ran? types of w r k l o a d  and EBP a c t i v i t y  is only now beginning t o  be 
explored. Although a d e r  of experiments have demonstrated a r e l a t i o n s h i p  
between l e v e l s  of w r k l o a d  ona the  amplitude of the  P300 component, t h i s  i s  
only a demonstration of its cons t ruc t  v a l i d i t y  and i n d i c a t e s  t h a t  more resea rch  
is varranted.  
Sone experiments have found t h a t  the  F300 amplitude increases  v i t h  increased 
workload, while o t h e r s  have found t h a t  it decreases. 'hen the  P300 is e l i c i t e d  
by s t i m u l i  vhich a r e  p a r t  of a secondary task,  P300 amplitude is  reduced when 
t h e  primary t a s k  w o ~ k l o a d  is high ( I s r e a l ,  Chesney, Wickens and Donchb, 1980; 
I s r e a l ,  Yickens, Chesney and Donchin, 1980; Natani and h e r ,  1981; Biferno,  
1985). Yhen e l i c i t e d  by s t i m u l i  which a r e  pa r t  of a primary t ask ,  t h e  P300 
amplitude has been found t o  inc rease  vhen the  primary t a s k  workload is high 
(Horst ,  lIunoon B Ruchkla, 1984). A t  l e a s t  two o ther  ERP components r e f l e c t  
changes i n  t a s k  demands. The amplitude of the P200 increases  a s  a ve rba l  
processing t a s k  becomes more d i f f i c u l t  (Poon, Thompson and Marsh 1976) and t h e  
NZOO increases  i n  l a tency  when sub jec t s  a r e  required t o  mentally count the  
occurrance of a st imulus c l a s s  (Biferno,  1982). 
Despite success i n  demonstrating the  const ruct  v a l i d i t y  of ERP and s u b j e c t i v e  
workload measures, the  r e l a t i o n s h i p  between them has no t  been w e l l  s tudied.  
Experiments vhich manipulate t a sk  demands (workload) t y p i c a l l y  do not measure 
both md i t  i s  unclear  whether r a t i n g s  of vorkload a r e  c o r r e l a t e d  wi th  the  P300 
o r  any other  component, It may be the  case  tha t  both measures ccvary with t a sk  
demands but a r e  not  c o r r e l a t e d  wi th  each other.  The amplitude of the  P300 
component has been found t o  be c o r r e l a t e d  with s u b j e c t i v e  r a t i n g s  of expectancy 
o r  confidence i n  a judgement (Pr i t chard ,  1981 ; Horst , Johnson and Donchin, 
1980) vhich suggests t h a t  EBP components may be r e l a t e d  t o  o ther  s u b j e c t i v e  
s t a t e s  such a s  perceived workload o r  f a t i g u e  (Hashimoto, Kogi and Grandlean, 
1975; Gauthier and Gottesmann, 1983). 
The p r i m r y  purpose of t h i s  experiment was t o  answer two quest ions:  (1) Are 
r a t i n g s  of workload c o r r e l a t e d  wi th  EBP measures of workload? ( 2 )  Are r a t i n g s  
of f a t i g u e  c o r r e l a t e d  wi th  EBP measures of f a t i g u e ?  There a r e  a t  l e a s t  two 
genera l  approaches f o r  answering these  quest  ions. Cor re la t ions  can be 
perfomed ac ross  a SrouD of s u b i e c t s  t o  determine whether a r e l a t i o n s h i p  e x i s t s  
f o r  members of t h a t  populat ion o r  c o r r e l a t i o n s  can be performed on the  d a t a  of 
ind iv idua l  sub iects .  The g e n e r a l i z a t i o n  of r e s u l t s  t o  populations,  based on 
ind iv idua l  sub jec t  c o r r e l a t i o n s ,  can be accomplished by determining t h e  
f  r q u e n c y  of sub j e c t s  showing t h e  c o r r e l a t i o n  i n  quest  i o n  and then determining 
whether the  frequency of s i g n i f i c a n t  c o r r e l a t i o n s  is more than expected by 
chance. 
We s e l e c t e d  t h e  second approach f o r  two reaaons: (1)  Croup c o r r e l a t i o n s  were 
un l ike ly  t o  a t t a i n  s i g n i f i c a n c e  because of ind iv idua l  d i f fe rences  unre la ted  t o  
our experimental  procedures. That is, t h e r e  was not  a s t r o n g  rea ron  t o  b e l i e v e  
t h a t  sub jec t s  who came t o  the  experiment with l a r g e  EBP component amplitudes 
(an ind iv idua l  t r a i t )  were l i k e l y  t o  r e p o r t  higher workload r a t i n g s  than would 
sub jec t s  who emit ted small EBPs t o  enviroxrmental events. (2 )  Ye were 
i n t e r e s t e d  i n  observing p a t t e r n s  of individual-sub j e c t  cor re la t ions .  Knowing 
t h a t  ind iv idua l s  de f ine  and exper ience workload d i f f e r e n t  l y  , w e  might expect 
more than one p a t t e r n  of c o r r e l a t i o n s  t o  emerge from a l a r g e  group of sub jec t s .  
I f  t h e  group c o r r e l a t i o n  approach w e r e  taken, t h e  d i f f e r e n t  p a t t e r n s  of 
c o r r e l a t i o n s  would be masked o r  e l iminated a l t o g e t h e r  . 
h e  d i f f i c u l t y  i n  comparing sub jec t ive  measures wi th  o ther  workload measures is 
t h e  d i v e r s e  number of ways i n  which vorkload is defined. When ind iv idua l s  are 
asked t o  r a t e  t h e i r  experience of workload along a number of s u b j e c t i v e  
disensions ,  they s t r u c t u r e  t h e i r  r a t i n g s  i n  many d i f f e r e n t  ways (Hart ,  
Chi ldress ,  and Eauser, 1982). The a p p l i c a t i o n  of p r i n c i p l e  component a n a l y s i s  
t o  workload r a t i n g  da ta  w a s  done by Kart and her  col legues  (1982) and t h e  
r e s u l t  was the  i d e n t i f i c a t i o n  of s e v e r a l  workload f a c t o r s .  The t h r e e  f a c t o r s  
which can be i n f e r r e d  t o  account f o r  the  l a r g e s t  amounts of var iance i n  her 
r a t i n g  d a t a  were: "Fat i g u e / s t r e s s W ,  "Time-pressure/~umber-of-tasks", and 
"nental-busy/ef f o r t n .  The reduct ion of dimensionali ty i n  t h e  workload met r i cs  
provide a convenient method f o r  opera t iona l ly  de f in ing  workload along a feu  
general  dimensions, This enables  the  formulation of a s impl i f i ed  experimental  
design w;+h a few manageable f a c t o r s  and some d e s c r i 2 t i o n  of how the  
independ&, v a r i a b l e s  should be manipulated i n  order  t o  produce workload 
r a t i n g s  l i k e  those which contr ibuted t o  the  f a c t o r s ,  
Our s t r a t e g y  was t o  manipulate workload along t h e  t h r e e  d i t e n s i o n s  vhich were 
ou t l ined  above while obta ining workload r a t i n g s ,  f a t i g u e  r a t i n g s ,  and ERPs. 
Individual  sub jec t  c o r r e l a t i o n s  were then performed amcng the  measures a d  t h e  
r e l a t i v e  frequency of each c o r r e l a t i o n  vas assessed.  Workload l e v e l s  were 
manipulated t o  insure  t h a t  the  ERP and r a t i n g  d a t a  contained systemat ic  
v a r i a b i l i t y  due t o  task-re la ted v a r i a b l e s  and t o  insure  t h a t  each sub jec t  
experienced low, medium, and high l e v e l s  of workload. 
Design. Workload vas  manipulated i n  th ree  ways wi th  each f a c t o r  having t h r e e  
levels .  Se lec t ion  of the  independent v a r i a b l e s  was based on a study (Har t ,  
Chi ldress  and Hauser, 1982) vhich employed p r i n c i p a l  component a n a l y s i s  t o  
i d e n t i f )  some of the  major f a c t o r s  which l o r n  the b a s i s  of a person's 
sub jec t ive  repor t  of vorkload. The independent v a r i a b l e s  were: (1) short-term 
memory load ( sub jec t s  had t o  b r i e f l y  remember consonant s t r i n g s  of two, four  or  
six i t ems) ,  (2 )  d i f f i c u l t y  of a compensatory t racking t a s k  ' d i f f i c u l t y  was 
var ied i n  a Jex c r i t i c a l  t racking t ask  by varing lambda (L), .3L, .6L o r  .9L), 
and ( 3 )  time-on-task ( i t  was assumed that izcreasing l i v e i s  o r  i a t i g u e  couia be 
observed dur ing e a r l y ,  middle and l a t e  t r i a l s ) .  The 3 ~ 3 x 3  repeated measures 
des ign yie lded 27 d i f f e r e n t  workload condi t ions  and each of 20 s u b j e c t s  
received 3  trials of each condi t ion f o r  a  t o t a l  of 8 1  t r i a l s .  
Subiects.  A t o t a l  of 24 sub jec t s  were r e c r u i t e d  from Long Beach S t a t e  
Universi ty.  A 1 1  were vo lun tee rs  and paid  about $6.20 per  hour f o r  the  two f o u r  
hour sessions.  Four sub jec t s  were discarded f o r  t h e  following reasons: two 
sub jec t s  f a i l e d  t o  r e t u r n  f o r  the  second day of t e s t i n g ,  one sub jec t  could no t  
perform tfie mmry t a sk ,  and one sub jec t  would no t  fo l low i n s t r u c t i o ~ .  Of t h e  
20 sub jec t s  r e u i n i n g ,  seven v e r e  run i n  t h e  t a s k s  more than once because of 
equipment f a i l u r e a  ( four  sub j e c t s  1 and exces r ive  edge v i o l a t i o n s  wi th  t h e  
t r ack ing  t a s k  ( t h r e e  sub j e c t s  1. 
Equal numbers of m l e s  and females v e r e  assigned t o  use t h e i r  l e f t / r i g h t  hand 
t o  perform the  t r ack ing  task.  Their  ages ranged from 1 8  t o  28, they were 
right-banded and English was t h e i r  n a t i v e  language. The order  of performing 
two base l ine  tests 02 t h e  f i r s t  day w a s  a l s o  balanced wi th  ha l f  of the  people 
performing t h e  t r ack ing  t a s k  f i r s t  and h a l f  performing t h e  memory t a s k  f i r s t .  
S t imul i  & Procedures. Each sub jec t  vas seated a t  a  t a b l e  in a  sound 
a t t enua ted  and darkened room. A smal l  ( 7  x 10 cm) cathode-ray tube (CRT) was 
placed d i r e c t l y  i n  f r o n t  of the  subject 's  eyes. A luminous h o r i z o n t a l  l i n e  
whose v e r t i c a l  displacement w a s  con t ro l l ed  by means of an isometr ic  joys t i ck  
w a s  d i s p l ~ y e d  on t h i s  CRT, The c o n t r o l s ,  d i s p l a y ,  and f o r c i n g  func t ions  were 
modeled a f t e r  t h e  J e x  c r i t i c a l  t racking t a s k  (Jer and Clement, 19791, The 
joys t i ck  was o r i e n t e d  hor izon ta l ly  so t h a t  fo rces  app l ied  up and dovu would 
c o n t r o l  v e r t i c a l  povemeats of the hor izon ta l  l ine .  The p o s i t i o n  of the  
j o y s t ~ c k  r e l a t i v e  tc  t h e  screen ( lef t ! r ight)  was counterbalanced. 
A d i r e c t i o n a l  microphone protruded from a panel belov t h e  CRT and was pointed 
t w a r d  t h e  subject 's  mouth a t  a  d i s t a n c e  of about 5 - 10 an. A 10 b u t t 0 3  
keyboard, which was used t c  repor t  r a t i n g s  of workload and f a t i g u e  a f t e r  each 
t r i a l ,  vas  loca ted  t o  the  l e f t  ( r i g h t )  of the  CRT. Tbe keyboard was o r i e n t e d  
hor izon ta l ly  with t h e  "1" key t o  l e f t  and t h e  "10" key t o  t h e  r i g h t .  Taped t o  
t h e  s ~ r f a c e  of the  t a b l e ,  and centered i n  f r o n t  of t h e  sub jec t ,  was a  typed 
d e s c r i p t i o n  of the  bipolar- ra t ing sca les .  The microphone and 
CRT were immediately above and behind the  ra t ing-scale  desc r ip t ions .  Subjects  
could comfortably reach the  joys t i ck  and r a t i n g  keys. They could a l s o  s e e  the  
CRT disp lay  cnd make voice  responses i n t o  the  microphone v i t h o u t  moving t h e i r  
head o r  eyes. There was a lvays  s u f f i c i e n t  i l lumina t ion  i n  t h e  roona during the  
t e s t  f o r  sub jec t s  t o  read t h e  ra t ing-scale  desc r ip t ions .  
The s t a r t  of each t r i a l  was s ignaled by a  b r i e f  tone vhich was followed by two, 
four  o r  s i r  consonants spoken by a  digit ized-speech u n i t  (Dig i t a lke r  model 
DT-1000), presented through an earphone placed i n  the  subject 's  r i g h t  e a r  (Sony 
model NDR E255). The consonants had a .75 s i n t e r s t i m u l c s  i n t e r v a l  (IS11 and 
an approximate i n t e n s i t y  of 80 dbA, White noise  was presented t o  t h e  l e f t  e a r  
a t  a l e v e l  of approximately 60 dbA t o  mask background noises  i n  the  room. 
Sub'ects were i n s t r u c t e d  t o  & d i a t e l y  repeat  back the  consonant s t r i n g  t o  
minunize the  number of t r i a l s  l o s t  due t o  memory e r r o r s .  I f  a  sub jec t  f a i l e d  
t o  repeat  Sack t h e  consonants i n  the  same order t h a t  they were presented,  the  
e x p e r i ~ e n t e r  would p ress  a key t o  recyc le  the  same consonsnt s t r i n g .  The 
consonants could be recycled a t  the reqllest of the  sub jec t  a s  o f t e n  a s  needed. 
The t racking t ask  began a f t e r  a subject  accura te ly  repeated the  consonant 
s t r i n g .  For approximately 60 s ,  the  sub jec t  performed the  c r i t i c a l  t racking 
task a t  one of the three fixed levels  of d i f f i c u l t y ,  the ac tua l  d i f f i c u l t y  
leve ls  were determined f o r  each person during t h e i r  p rac t ice  sesrion, 
During tracking, subjects would l i s t e n  f o r  t t e  occurrence of one of two wurds. 
They vould hear e i t he r  "40" o r  "14" v i a  an earphone placed i n  t h e i r  r i gh t  ear  
and t h e i r  task was t o  say "Rogern when they heard "14" and say nothing when 
they heard "40". This a c t i v i t y  simulated an a i r c r a f t  communication where the 
vocal response was the pilot's acknowledgement of hearing h i s  cal l -s ign (14) 
while ignoring communications directed t o  other a i r c r a f t .  A t c t a l  of s i x  words 
(14s o r  40s) were presented during each t r i a l .  The call-sign (14) occurred 33 
113 percent of the time, while the number of call-signs varied from one t o  
three on any given t r i a l  and the occurrence of each word was presented i n  an 
unpredictable order with a IS1 which varied between 5.0 and 12.5 8, 
A CEC 11/23 laboratory computer control led the presentation of the experimental 
s t imul i  and managed the data co l lec t ion  of the EBP and subjective-rating data. 
Imed ia t e ly  preceeding the onset of the call-sign, the voice-reaction-time 
clock was s t a r t e d  and recording of the ERP vas in i t ia ted .  Voice reac t ion  time 
and ERPs were measured in  r e l a t i o n  t o  the onset of the 610 m s  call-sign. 
The tracking task ended a t  the completiot of a t r i a l  and the word "check" vas 
presented. This vas the s igna l  t o  report  the memory items and then prepare t o  
give workload rat ings.  After a f ixed amount of tSm (about 5.0 s) ,  the words 
"Please r a t e ,  r a t e  A" were presented v i a  the earphones. This signaled them t o  
r e f l e c t  on the previous t r i a l  and generate a workload r a t i n g  using the f i r s t  
bipolar-rating sca le  which was l e t t e r ed  "A" on the scale-description l i s t .  
When any of the 10 keys were depressed, the Digi talker  ech.>ed the numerical 
value assigned t o  the key, Erroneous r a t ing  e n t r i e s  coul i  be reported t o  the 
experimenter f o r  manual correct ion during data analysis.  The same sequence of 
events was folloved u n t i l  a l l  ten ra t ings  vere  entered i c t o  the computer. 
After enter ing the t e x h  ra t ing ,  the next t r i a l  began automatically. Each 
t r i a l  l as ted  about two min. t h i s  sequence was repeated without a break (Stave, 
1977) f o r  81 t r i a l s  or  abouc 2.5 hours. Since there were an average of two 
call-signs per t r i a l  and three t r i a l s  f o r  each of the 27 experimental c e l l s ,  
the averaged ERP waveforms vere based on a maxiptrm of six sweeps per c e l l  and 
the averaged ra t ings  were based on three se t s  of ra t ings  per ce l l .  
Baseline t e s t s  and prac t ice .  Each subject vas run a t o t a l  of two sessions v i t h  
the f i r s t  day consis t ing of two baseline t e s t s  and a subs tan t ia l  amount of 
prac t ice  on the memory and the tracking tasks. The purpose of the baseline 
t e s t s  was t o  measure changes i n  r a t i ngs  and ERPs when the two types of workload 
were manipulated separately.  Each baseline t e s t  employed the same three leve ls  
of workload as  the mul t i fac tor ia l  experiment. Each baseline t e s t  had a t o t a l  
of 27 t r i a l s  and lasted about 50 minutes. Half of the subjects received the 
memory t e s t  f i r s t ,  while the other half recelved the tracking t e s t  f i y s t .  The 
r e s u l t s  of the baseline t e s t s  a r e  not included in  t h i s  report.  
Dependent var iables .  Three classes  of dependent var iables  were measured: (1) 
ERP components, ( 2 )  subject ive ra t ings ,  and ( 3 )  behavioral performance. The 
ERP and behavioral performance measures vere obtained while subjects 
experienced one of the 27 d i f fe ren t  workload cmdit ions.  The sub jecti-re 
ra t ings  vere obtained immediately a f t e r  each t r i a l .  
EBP components. A t o t a l  of eight ZRP measures were obtained from four ERP -
components. The latency and peak-t3-peak amplitude of the N100, P300, N400, 
and P500 components were measured with an automatic scoring program which 
- 
scanned each EBP waveform fo r  the: (1)  N l O O  - the most negative m i n i m  between 
70 and 160 ma, (2)  P300 - the most postive a a x k  between 200 and 440 ma 
following the N l O O ,  (3)  NGOO - the most negative minima betweck 320 and 565 mr 
following the ?300, and ( 4 )  PMO - the moat pos i t ive  auima betveen 435 and 705 
m s  fol loving the 19400. There valuer vere obtained from previous experimental 
work performed i n  our labora tory .  Latencies were measured from stimulua onset 
u n t i l  the point when the peak occurred. Amplitudes were measured peak-to-peak 
where: P300 was the voltage a t  the P300 peak minar the voltage a t  the HlOO 
peak, N400 war the voltage a t  the W 0  minur the vol tage a t  the P300 peak, P500 
was the voltage a t  the PMO peak m h r  the voltage a t  the 19400 peak. IT100 
amplitude was the voltage a t  the H l O O  peak minur the vol tage a t  the f i r s t  time 
point i n  the A/D sampling. 
ERP recording. Brain potent i a l s  were recorded from monopolar lead8 referenced 
-
t o  linked earlobes. The midline s i t e s  of Fz, Cz, and Pz vere sampled (Jasper,  
1958) a t  200 Hz f o r  a 1000 m s  epoch. A 1 1  co r r e l a t iona l  analyses vere  performed 
on data  obtained from the ?z s i t e .  The Pz s i t e  was selected because the P300 
i s  usually la rges t ,  eye movement a r ~ i f a c t a  a r e  smallest ,  and p i l o t  data  i n  our 
lab suggested t h a t  cor re la t ions  with performance a r e  usually high a t  t ha t  
location. Grass silver-disk electrode8 were employed with a s a l i n e  bentonite 
paste covered v i t h  gauze and a s a l ine  preparation t o  prevent drying. The s i t e s  
were prepared with a s a l i a e  so lu t ion  and electrode impedances vere  l e s s  than 
10K ohms. Grasa model 5115 AC amplif iers  were employed v i t h  a 1 /2  high and lov 
frequency cut off  of 103 Hz and -1 Hz, respectively. Eye bl inks were aonitored 
from locations above 3nd below the l e f t  eye v i a  Becknun Ag-AgC1 mini-cup 
electrodes.  They were sanpled i n  the same manor a s  the EBP data  except t ha t  
eye bl ink analysis  was terminated a t  650 ms because some subjects  exhibited 
movement a r t d a c t s  a3sociated with saying "Rogern a f t e r  t h i s  t ime .  
B P  data vere discarded f o r  the fol loving reasons: (1) an eye b l ink  occurred 
during the sampling epoch, (2)  an edge v io la t ion  (tracking task)  occurred 
during the sampling epoch or  (3 )  a memory e r ro r  occurred during the  t r i a l .  A 
memory e r ro r  requlred tha t  more than one of the reca l led  consonants was vrong. 
In the case of a memory er ror ,  a l l  EBP sveeps f o r  t ha t  t r i a l  were discarded. 
Sub iec t  ive ra t inns  of workload & f a t  inue. The subject ive r a t i ng  sca les  
employed i n  t h i s  experiment were provided by NASA-Ames. They consisted of a 
s e t  OF bipolar adject ives  o r  dimensions which were ra ted  with a ten-point sca le  
(Eart,  Bat t isce ar.d Lester,  1984). Fatigue was one of the r a t i ng  scales  
employed i n  t h i s  t e s t  and the other was a derived workload r a t ing  which took 
in to  account the  way each subject s t ructured workload in  r e l a t i o n  t o  nine 
component dimenslo~s.  Before beginning the t e s t ,  each subject made paired 
comparis ions betwcen the workload sca le  i lescript ions and indicated which member 
of the pa i r  contributed more to  t h e i r  experience of workload. The more 
frequently a d.imension was chosen, the more weight i t  would be given when 
computing thr: derived workload rat ing.  The weighted-workload r a t ing  was 
computed by m l t i p l y i n g  the bipolar  rat ings by the weights (ranging from: 
"0'' not re;ated t o  "8" highly r e l a t ed ) ,  summing these values, and then divided 
by the value of the weights ( 3 6 ) .  
Behavioral Performance. Tracking perf onnance and voice react  ion  time vere 
recorded during each t r i a l .  Average tracking e r ro r  and the number of edge 
v i o l a t ~ o n s  during the EBP epoch were scored and saved. Average tracking e r ro r  
was computed a s  the area under-the-curve in  the compensatory tracking task. 
Area under-the-curve was computed as  the sum of e r ro r s  (deviations from center 
l i n e )  for  each time point during the ERP sampling epoch. Edge v io la t ions  were 
dezined a s  a  f h i l u r e  t o  mainta in  con t ro l  of the  c r i t i c a l  t racking t ask ,  
allowing the  t racking synbol t o  move o f f  the  screen. Whenever an edge 
v i o l a t i o n  occurred dur.ing ERP sampling, the  ERP da ta  was discardcr'.. Voice 
r e a c t i o n  time was measxed  from the onset  of the  ca l l - s ign  u n t i l  a  voice  r e l a y  
de tec ted  t h e  subject 's voca l i za t ion  of "Roger". 
There were two c r i t e r i a  f o r  concluding t h a t  a  s i g n i f i c a n t  r e l a t i o n h i p  between 
ERP components and sub jec t ive  rac ings  had been found: (1 )  individual-subject  
c o r r e l a t i o n s  f o r  a  p a r t i c u l a r  r e l a t i o n s h i p  must a t t a i n  s t a t i s t i c a l  
s ign i f i cance ,  and (2) a  s i g n i f i c i a t  number of sub jec t s  must a t t a i n  a  
c o r r e l a t i o n  on t h a t  r e la t ionsh ip .  Iud iv idua l  Pearson c o r r e l a t i o n  c o e f f i c i e n t s  
had t o  be -381 o r  g r e a t e r  t o  a t t a i n  s ign i f i cance  wi th  a lpha s e t  a t  .05 'df=25 
with  c o r r e l a t i o n s  performed on t h e  b i v a r i a t e  d a t a  from 27 c e l l s ) ;  and a t  l e a s t  
four  ou t  of t h e  20 sub jec t s  had t o  have a  s i g n i f i c a n t  c o r r e l a t i o n  with any p a i r  
of ERPIrating measures before  a r e l a t i o n s h i p  was claimed t o  e x i s t .  
The binomial d i s t r i b u t i o n  was employed to  determine t h e  p r o b a b i l i t y  of 
obta ining "x" s i g n i f i c a n t  c o r r e l a t i o n s ,  wbere each t e s t  employs an a lpha l e v e l  
of -05. Figure  1 shows the  computation of the  p robab i l i ty  of x, where x equals  
the  number of s i g n i f i c a n t  c o r r e l a t i o n s  obtained a f t e r  performing 20 t e s t s  wi th  
an  a lpha of -05 (SiegeL, 1956). The p(x) is  .013 t h a t  4 of the  20 c o r r e l a t i o n s  
would be s i g n i f i c a n t  by chance, The p r o b a b i l i t i e s  of obta ining 1, 2, 3  o r  4  
s i g n i f i c a n t  c o r r e l a t i o n s  when N = i O  a re :  .377, .188, .059 and ,015 
respec t ive ly .  
When (N/x) = N!/x!(N-x)! 
4 
THEN p(4) = 20! 16 (.05) C.95) 
41 16! 
Figure 1. The p robab i l i ty  cf  obta ining four  s i g n i f i c a n t  c o r r e l a t i o n s  
when each c o r r e l a t i o n  has an alpha of .05 and 20 c o r r e l a t i o n s  a r e  
performed . 
Corre la t ions  vith workload r a t i n g s .  A summary of the  Pearson product-moment 
c o r r e l a t i o n s ,  perf omed between workload r a t i n g s  and ERF component, a r e  shown 
i n  Table 1. Two of the ERP measures were c o r r e l a t e d  with workload r a t i n g s  more 
f requent ly  than would be expected by chance. Four sub jec t s  were found t o  have 
c o r r e l a t i o n s  between the P3n0 amplitude and vqrkload r a t i n g s ,  while s i g n i f i c a n t  
c o r r e l a t i o n s  between the  N400 amplitude and workload r a t i n g s  were found f o r  
f c u r  a d d i t i o n a l  subjects .  Therefore,  8 OS 20 sub jec t s  showed s i g n i f i c a n t  
c o r r e l a t i o n e  between r a t i n g s  of workload and b ra in  p o t e n t i a l  measures of 
workload. 
Latency Amplitude 
Subject  N l O O  P300 N400 P500 N100 P300 N40O P500 
Table 1. Cor re la t ions  between weilhted-workload r a t i n g s  and each EBY 
component measure f o r  each sub jec t .  * = i n d i c a t e s  s i g n i f i c a n t  
c o r r e l a t i o n ,  gC.05, two-tai led;  f  = frequency of s i g n i f  i can t  
co r re la t ions .  
Since  t h e  workload c o r r e l a t i o n s  were evenly divided between the  ?300 and N400 
measures, a  s e r i e a  of post-hoc ana lyses  was performed t o  shed Light on p o s s i b l e  
explanat ions  f o r  t h i s  dichotomy. Inspect ion of the sub jec t  assigmnent shee t  
was done t o  see  if any d i f f e r e n c e s  were present .  A t  f i r s t  g lance  the  s t r i k i n g  
r e s u l t  vas  t h a t  a l l  four  P300 c o r r e l a t o r s  werc females and a l l  four  N4OO 
c o r r e l a t o r s  were male. Other cond i t ions  of i n t e r e s t  were a l s o  examined (hand 
used f o r  t r ack ing  t a s k ,  order  of p r a c t i c e  f o r  the two subtaske ,  age, and 
time-of-day t e s t e d ) ,  but no c l e a r  d i f f e r e n c e s  were noted. 
Post-hoc analyses  of P306 and N400 sub iec t s .  It was hypothesized t n a t  the  two 
groups might have d=f ined o r  experienced workload d i f f e r e n t l y  and t? or ef o r e  be 
monitoring d i f f e r e n t  phys io log ica l  processes i n  r a t i n g  workload rhzreby 
producing the  d i f f e r e n t  ERP performance. Since the b ipo la r - ra t in2  technique 
required each sub jec t  t o  rank-order the  importance of the 9 r a t i n g  s c a l e  
dimensions, it was p o s s i b l e  t o  s t a t i s t i c a l l y  compare the  groups based oo t h e l r  
unique d e f i n i t i o n s  of workload. Table 2 g ives  the weights f o r  each s c b j e c t  on 
each of the  r a t i n g  dimensions wi th  the average r a t i n g s  and rank of each 
dimension provided i n  the right-hand columns f o r  each group. h Spuarman 
rank-order c o r r e l a t i o n  was perf  onned t o  determine whether the tvo groups 
s t r u c t u r e d  (rank-ordered) the workload d i m e n s i ~ n s  i n  a  s i m i l a r  way. A 
s i g n i f i c a n t  c o r r e l a t i o n  of . 7 7 5  i n d i c a t e s  t h a t  they did. 
The performance da ta  of t h e s e  two groups was then examined ( s e e  Table 3). A 
general  t rend s t a r t e d  t o  emerge: t h e  male sub jec t s  performed b e t t e r  on t h e  
t racking t ask ,  m.emory t a s k  and responded faster;  i n  t h e  vo ice  r e a c t i o n  time task  
than t h e  female sub jec t s  (951 vs. 1297 ma; E(1,6) - 5.73, E = -053). These 
r e s u l t s  support an informal obeervat ioa  tha t  some males became very involved i n  
the  t racking t a s k  and were l e s s  i n h i b i t e d  i n  voca l ly  responding "Roger" t o  
their .  s imulated cal l -s ign,  Inspec t ion  of t h e  s c a l e  dilnension rankingo (Table 
2 )  give* a d d i t i o n a l  support  t o  a performance s e t  d i f ference.  The l a r g e s t  
d i f f e r e n c e  score  between the  workload weights of the  two groups was wi th  the  
dimension e n t i t l e d  "performance". 
T300 Subjectd NNO Subjects  
- 
Scale  Dimension 1 2 7 17 X Rank 5 9 12 19 f Rank 
Task D i f f i c u l t y  3 8 3 4 4.5 4 4 2  6 3 3 . 8  6 
Time Pressure  8 3 3 7 5.2 2 2 5 6 4 4.2 4.5 
Performance 5 1 2  5 3 . 2  6 4 8  8 2 5 . 5  3 
~ e n t a l f s e n e o r y  Ef for t  4 6 0 2 3.0 7.5 1 1  6 0 2 . 0  8 
Physical  Ef fo r t  0 5 5  0 2 . 5  9 4 2  2 5 3 . 2  7 
Frus t r a t  ion 7 0 7  8 5 . 5  1 8 6  2 8 6 . 0  1 
S t r e s s  Level 4 2 8  6 5 . 0  3 7 ;  3 6 5 . 8  2 
Fat igue 3 4 6  3 4.0 5 6 4 0 7 4.2 4.5 
Ac t iv i ty  2 7 2 1 3.0 7.5 0 1  3 1 1 . 2  9 
Table 2. Weights ass igned t o  t h e  nine  workload s c a l e  dimensions by 
sub jec t s  who a t t a i n e d  a s i g n i f i c a n t  c o r r e l a t i o n  between workload r a t i n g s  
and a b r a i n  potent i a l  measure. 
P300 Sub j e c t s  N400 Subjects  
- 
X 5 9 12 19 Measure 1 2 7 17 X 
Reaction Time 997 1277 1388 1526 1297 863 924 1214 803 951 
T r a c k i n g E r r o r  1.3 1.5 1.9 1.7 1.6 .9 .3 2.4 1.4 1.2 
Edge Vio la t ion  6 15 11 16 12.0 4 2 27 12 11.2 
Memory Error  0 1 0 6 1.8 0 0 0 0 0 
UorkloadRating 2.1 2.3 4.4 5.5 3.6 3.5 1.4 3.3 5.4 3.4 
Fat igue Rating .8 .9 1.2 2.0 1.2 1.3 .4 1.8 1.5 1.2 
- 
Table 3. Perf onnance comparison of sub jec t s  who a t t a i n e d  a s i g n i f i c a n t  
correlation between workload r a t i n g s  and a b r a i n  p o t e n t i a l  measure. 
Ratings a r e  i n  a r b i t r a r y  u n i t s ;  Reaction time i n  ma; Tracking e r r o r  i n  
a r b i t r a r y  u n i t s ;  Edge v i o l a t i o n  and Memory e r r o r  a r e  f requencies .  
Since the  two groups d i f f e r e d  i n  ERP performance, a between groups ANOVA vas  
performed on t h e i r  ERP data .  The 3400 sub jec t s  had longer P300 l a t e n c i e s  than 
t h e  P300 sub jec t s  (F(1,6) = 6.15, 2<.05, 301.2 versus 276.0 ms). This r e s g l t  
suggests t h a t  the  N400 c o r r e l a t i o n e  may be due t o  a s h i f t  i n  the  P300 peak 
latency and the  N400. c o r r e l a t i o n s  a r e  more properly conaidered a B300 
phenomenon. The eubgroups d id  not respond d i f f e r e n t l y  with any of the  o ther  
ERP measures. 
These r e s u l t 8  could have far-reaching izuplications f o r  the measurement of 
workload with EBP measures. The ques t ion  is  r a i s e d :  Do the  two group8 e x h i b i t  
d i f f e r e n t  types of vorkload c o r r e l a t i o n s  because of a  sub jec t  t r a i t  (which 
might be r e l a t i v e l y  s t a b l e )  o r  is i t  due t o  some sub jec t  s t a t e  (which might be 
uns tab le  and s  i t u a t i o n a l l y  dependent ) 7 
Corre la t ions  vith f a t i n u e  ra t inns .  A eummory of Pearson product-moment 
c o r r e l a t i o n r  , peiformed betweeo f a t i g u e  r a t i n g s  and each ERP component, a r e  
shown i n  Table 4. Only ,the P300 amplitude component was c o r r e l a t e d  f requen t ly  
enough t o  be considered a  e t a t i e t i c a l l y  r e l i a b l e  f inding.  The c o r r e l a t i o n s  
were p o s i t i v e  and s i m i l a r  i n  magnitude t o  the  workload r a t i n g  c o r r e l a t i o n s .  I n  
f a c t ,  3  of the  4  sub jec t s  having s i g n i f i c a n t  f a t i g u a  c o r r e l a t i o n s  a l s o  had 
s i g n i f  i can t  workload c o r r e l a t i o n s  with the  P300 component. 
Latency Amplitude 
Subject  N l O O  P2.30 N40O PjOO N100 P300 N400 P500 
Table 4. Cor re la t ions  between f a t i g u e  r a t i n g s  and each ERP component 
measure f o r  each subject .  * = ind ica tes  s i g n i f i c a n t  c o r r e l a t i o n ,  f  = 
frequency of s i g s i f i c a n t  cor re la t ions .  
Since both sub jec t ive  ra t inga  were cor re la ted  2 o s i t i v e l y  with the  same ERP 
components, the  i n t  e r c o r r e l a t  ion between these  v a r i a b l e s  was examined. The 
degree of c o r r e l a t i o n  between r a t i n g s  of f a t i g u e  and weighted-workload f o r  each 
sub jec t  is  shown i n  Table 5. A high degree of c o r r e l a t i o n  between the  s c a l e s  
can be observed f o r  some s u b j e c t s ,  whi le  no c o r r e l a t i o n s  e x i s t  f c r  o thers .  The 
general  trend is  f o r  a moderate c o ~ r e l a t i c u  (average L = ,596) with 16 of 2G 
i r d i v i d u a l s  showing a s i g n i f i c a n t  r e l a t i o n s h i p  between r a t i n g s  of workload anc 
fa t igue .  
Sub jut - r Signif icmt 
Table 5 .  Fear~on product-moment correlations betveen rating8 of 
fatigue and weighted-vorkload for each subject, = ~ C . 0 5  
- 
c 1 + - Time on T r k  
< 
LL I o - n c o ~ ~  A - Tracking 
.sol Lov I I I Yedim High 
+ - Time on Tar t  
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Figare 2. Fatigue ratings incrtare from early to late trials (top) m d  
wrkload  ratings incrersa r* task dem~nds increase (bottom). 
Although fa t igue  ra t ings  vere highly correlated with workload ra t ings ,  they 
were influenced d i f fe ren t ly  by the three types of workload. Yatigue rat ing8 
strongly increased with t i u - o s t a s k  (see Figure 2, ~ ( 2 , 3 8 1  - 47.68, g<.0001), 
moderately increased with greater  memory load (<2,38) = 5.73, ~ < . 0 1 ) ,  but did 
not change v i t h  i n c r e u e d  tracking d i f f i c u l t y  ( ~ ( 2 , 3 8 1  = 1-85, p<.20). Workload 
ra t ings ,  which include the fa t igue  rubscale, i n c r e u e d  strongly v i t h  a l l  th ree  
types of workload: m m r y  load (E(2,38) - 26-12, ~<.0001),  track& d i f f i c u l t y  
(E(2,38) = 37.51, ~ < . 0 0 0 l ) ,  and t i r r o n - t a s k  (1(2,38) = 14.75, g<.000;). 
I n  summary, the P300 and H409 components of the EEP were posi t ively correlated 
v i t h  vorkload ra t ings ,  while only the P300 vat  posi t ively correlated with 
fatrgue ratings.  Of  the 8 subjects shoving a cor re la t ion  betveen workload 
ra t ings  and EEP measures, half  exhibited a cor re la t ion  with the P300 arp l i tude  
and the other half  with the f;UO amplitude. Post-hoc analyses suggebt t h a t  the  
the rechanim af the di.f ference was !.ncreased P300 latency fo r  the 19400 group 
and t h a t  the  d i f fe ren t  pa t te rn  of cor re la t ion  f o r  the t ~ o  groups u y  be due t o  
a subject t r a i t  (e.g., sex) o r  due t o  difference# i n  subject s t a t e  (e.g., 
performance s e t  1. 
Performance g& workload. Average tracking e r ro r ,  frequency of edge v io la t ione  
i n  the tracking task,  and voice react ion t i m e  vere  the behavioral measures of 
performance employed i n  t h i s  experiment (Figure 3). A 5 x 3 ~ 3  dlPPVA performed on 
each of these measures revealed s igni f icant  increase8 due t o  increased 
time-on-task: (1) voice react ion t i m e  (<2,38) = 3.25, 2<.05i, (2) tracking 
e r ro r  ( ~ ( 2 , 3 8 1  = 10.87, g<.005), and (3) edge v io la t ions  (E(2,38) = 7.01, 
~<.005) .  Increased d i f f i c u l t y  of the tracking task  a l so  resu l ted  i n  
s i g n i i i c a r t l y  increased: (1) tracking e r ro r  ( ~ ( 2 ~ 3 8 )  101.36, ~<.3001),  and 
edge v io la t ions  (E(2,38)= 48-80, E<.OGO~). 
Significant i n t e r ac t  ions were obtained with both tracking measures. There was 
a tendency f o r  tracking e r ro r  and edge v io l a t ions  t o  i x r e r s e  v i t h  longer 
time-on-task with the exception of the highest tracking load which shoved a 
drop i n  e r ror  near the end of the t e s t  ( t racking e r ro r  x time-on-:ask 
interact ion,  F(2,3S) = 6.05, ~ < . 0 0 '  add an edge v iq l a t ion  x the-on- task  
interact ion,  z(2,38) = 9.92, ~<.0001) Behavioral observation of the subjects ,  
during the t e s t ,  suggested tha t  chey were having grea t  d i f f i c u l t y  performing 
the most demanding tracking task near the end of the experiment, due t o  
fatrgue. The diminished er ror  a t  t h i s  point is interpreted a s  being due t o  
higher leve ls  of e f fo r t  being applied t o  maintain adequate performance. 
ANOVA of components. A 3 x 3 ~ 3  ANOVA was performed on each of the EBP 
-
measures t o  determine vhe ther they re f lec ted  workload changes . Grand average 
waveforma based on the data frcm a l l  20 eubjects can be seen i n  Figure 4. The 
so l id  l i n e  represents the lov-memory-load/lortracking-load condition, while 
the dotted l i n e  represents the high-memory-loadlhigh-tracking-load condition. 
A 3 x 3 ~ 3  ANOVA performed on the data of a1 1 20 individi a l s  revealed s ignif icant  
ERP changes due t o  time-on-task and tracking d i f f i c u l t y ,  but not f o r  memory 
load. Increased time-on-task (fatigue: was associated with increased N l O O  
latency (100.9 ms, 104.2 ms, 107.7 me; P(2,38) = 7.38, ~ < . 0 0 5 ) ,  increased N400 
latency (431.6 a s ,  442.1 ms, 441.9 me; 1(2,38) = 3.95, ~ < . 0 5 ) ,  and increased 
P500 latency (599.3 m s ,  609.1 ms, 617.7 me; P(2,38) = 3.32, ~ t . 0 5 ) .  P300 
amplitude tended t o  increase v i t h  increased time-on-task (10.5 pv ,  9.3 pv, 11.9 
pv; r (2,38)  = 2.63, p=.08). Increased tracking diff icu: t j  was associated v l t h  
increased P300 latency (264.6 ms, 296.0 me, 299.1 ms; E(2.38) = 3.63, ~ c . 0 5 )  
and 3400 amplitude (16.1 pv, 16.9 r, ld.7 )rv; E(2,38) = 3.34, p .05 ) .  
;e O = LQW Tracking 
A = Yedi.a track in^ 
% - - gfgh Trackin* 
i 
8 1 1 
rhrly Y i d d l e  Late 
0 = IDV Tracking 
A = Y d i a  Tracking 
+ - Hfgh Tracking 
A 
6 
Early Hfddle Late 
Figure 3. Voice reaction time increarer v i t h  time-on-mrk (top) ,  
tracking error increarer v i th  tracking d i f f i c u l t y  md t h r o a t - a r k  
(riddle) ,  and f requencf of edge v io lat  ions increare v i th  tracking 
d i f f i c u l t y  and t-n-tark (bottom). 
Figur% 4. A r a q e  EUP a t  PI. Cz and PI s i t e s  i n  the l a e a t  .nd highest  
workload eonditiona: L a  m o r y  l o r d  and lov tracking d i f f i c u l t y  
( s o l i d  1 High -ry load and high tracking d i f f i c u l t y  ( d u h e d  
l i n e ) .  
The s igni f icant  in te rac t ions  obtained v i t h  the EBP data imolved two 
corponcnts: the BlOO amplitude and the  1C400 la tmcy.  The 11400 l a t m c y  showed a 
r ignif i c rn t  t-n-task main e f f e c t  and a three-vay in t e rac t  ion ( t  W n - t a s k  
x tracking load x electrode s i t e ,  1(8,152) = 2-71, ~ < , 0 1 ) ,  The in te rac t ion  
suggested t h a t  W 0  latency i n c r e u e d  with t iy-on-taak but only u5cn the  
tracking load was high. W O O  latency did not coo r i a t a r t l y  i n c r e u e  v i t h  
time-on-task f o r  the lov and moderate tracking load when a l l  three electrode 
sitem were compared. R l O O  amplitude w u  k p l i c a t e d  i n  the three r a a i n i n g  
interact ions.  Since a11 of them w a e  -11 (~<.05)  and concern a measure which 
d id  not co r r e l a t e  with workload o r  fat igue,  they w i l l  not be mentioned fur ther .  
Eveblink analrsis, The t o t a l  d a  of blinka was -11 due t o  the a t r iagent  
c r i t e r i a  employed i n  the eye bl ink r e j ec t ion  procedure, Tht curu la t ive  
frequency of eye blinks f o r  each type of workload is l i s t e d  i n  order of 
increasing workload (low, odium, hiah): m m r y  load (30, 28, 431, tracking 
d i f f i c u l t y  (36, 35, 301, and tke-so-task (23, 39, 39). The general trend was 
toward increased blinking a s  subjects  becam m r e  fat igued o r  a s  they 
experienced higher rcu>ry load, but they appeared t o  b l ink  less undtr 
conditions of higher tracking task  d i f f i c u l t y  - 
P300 cor re la t ion  vith workload, The data  provide an a f f i m a t i v e  lamer t o  the 
-
tw primary experirentai  questions, Ratings of w r k l o a a  and ra t ings  of fa t igne  
were correlated pos i t i v i ty  v i rh  LBP corponent measures, These r e s u l t s  provide 
another Line of evidence which ind ica te  t ha t  the P300 i s  r e l a t ed  t o  the concept 
workload, The s t rength of the re la t ionship  between r a t ings  of vorkload and 
P300 a p l i t u d e  (14 t o  26 percent of the variance) is not su f f i c i en t  t o  make 
them interchangeable meaaures of workload, but the correlations appear t o  
r e f l e c t  a c m n  under1yi.q process i n  a t  l e a s t  f o ~ r  subjects.  
M O O  cor re la t ion  vith workload. Of spec ia l  i n t e r e s t  i s  the finding t h a t  jus t  
-
a s  many subjects  had a cor re la t ion  between the NGOO corpouent and workload 
ra t ine .  This suggests t ha t  other measures of mental vorkload e x i s t  besides 
P300 amplitude. Even if the H400 cor re la t ions  were due t o  P300 latency 
iucrea:es, P300 a m p i i t ~ d e  was not re la ted  t o  workload r a t ings  f o r  these 
subjects.  This indicates  tha t  a coqms i t e  EBP measure may improve the degree 
of associat ion between ra t ings  of uorkload and brain po ten t i a l  measures. 
One reason the W 0  has not previous;y been associated with vorkload changes 
may be due to  the type of s t h l u a  employed t o  e l i c i t  the Em. Simple tones, 
f laahes, and the v isua i  presentation of tex t  have been typica l  in  workload 
rerearch. Since these s t imul i  a r e  procensed r e l a t ive ly  quickly, the N400 
component may not have Seen observed. When speech s t imul i  a r e  employed, on the 
s t h e r  hand, the N400 is often one of the la rges t  compcnents and can be 
ident i f ied  frequently i n  a s ing le  EBP sweep. 
Since tvo di f fe ren t  r e l a t i ons t ip s  between workload r a t ings  and measures of 
bra in  a c t i v i t y  vere observed f o r  d i f f e r en t  groups of subjects ,  i t  i s  tempzing 
t o  sugg4st tha t  they represent two d i s t i n c t l y  d i f fe ren t  types of subjects or  
two d i f fe ren t  cognitive s ta tes .  A method of cesting each of these hypotheses 
would be to  r e t e s t  the eight subjects  who exhibited s ign i f i can t  cor re la t ions  
and determinp vhether they s t i l l  maintained a cor re la t ion  v i t h  the same 
component. This could be followed by an experiment i n  which the eubject'e 
performance s e t  (e. g., speed/accuracy ins t ruc t ions)  was manipulated. If 
subjects  exhibited a s t a b i l i t y  of cor re la t ion  v i t h  the same EKP component, then 
a subject t r a i t  var iab le  vould be indicated a s  responsible f o r  the P300/11400 
dichotcmy m worklcad co r re l a t iom.  Hweva, if subjects  exhibited a 
f l u i b i l i - y  in the EBP colponent vhich correlated with workload r a t ings ,  then a 
s t a t e  vrx-hble would be indicated as responsible f o r  the P300/8Q00 d i c h o t o q  in 
worklord co r r e l a t  ions. 
P3W c c r x ~ l a t i o n  with f a t b e .  A cor re la t ion  betveea r a t ings  of fa t igue  and 
- --- 
P300 amplituze a r e  not a g r e a t  surprise ,  bat a pos i t i ve  cor re la t ion  w u  
unexpected, Po:itive co r r e l a t i ans  u y  r e f l e c t  a r equ i r cwnt  f o r  grea te r  
processing resources, and correspondingly larger  P300 r p l i t u d e s  , i n  order t o  
maintain pe r fo runce  on tne task. Another poss ib i l i t y  is t h a t  the  la rger  P300 
mpl i tudes  u y  be due t o  i n c r e u e d  d r w r i w s s  with its associated i n z r e u e  i n  
lorfrcquenc~/high-m?litude background EEG. Ilo support w a s  farad f o r  the 
hypothecia t ha t  i n c r c u e d  fatigrre vould be a smc ia t ed  with smaller P300 
a p l i t u d e s  because cf  grea te r  i a t e r f  erence i n  processing the call-sign. 
It s e a s  t ha t  the study of f a t i gue  wa8 v i r t u a l l y  synonownu with the study of 
workload f o r  th ree  of the subjects. Subjects 1, 7, and 17 had moderate t o  high 
cor re la t ions  between t h e i r  r a t i ngs  of workload and f a t igue  (-643, -961, and 
.926). These r e s u l t s  suggest t h a t  progress i n  subject ive workload assessment 
would Sc msde by a more de ta i led  study of fatigue. 
I ~ i i v i d u a l  subiect analvsis ,  This method wa lua t e s  the cor re la t ions  fo r  
-- 
in<ividnal subjects and then determines ~ ~ e t h e r  a su f f i c i en t  number bad 
c t ta ined  s igni f icant  correlat ions.  There a r e  several  advantages t o  t h i s  
approach. F i r s t ,  individual-subject c ~ r r e l a t i o n s  describe re la t ionships  
present in s ingle  subjects. Second, s ince  the cor re la t ions  are performed 
within-subject, highly variable  subjects do not d i s rupt  the i n f e r e n t i a l  
mechanism f o r  deciding the  presence of re la t ionships  betveen r a t ings  and EBP 
corponents. Individuals who respond in nontypical ways may not exhib i t  any 
s igni f icant  correlat ions,  but t h i s  outcole has a m a l l  impact on the f  iarl 
i n t e r p r e h t i o n  of the resu l t s .  On the other hand, when between-subject 
cor re la t ions  a r e  employed, rvo o r  three unusual subjects  (out of 20) could turn  
an othervise  highly s igni f icant  Pearson cor re la t ion  i n t o  one vhich i s  near 
zero. A t h i rd  advantage of t h i s  approach is t h a t  s ing le  subject cor re la t ions  
performed on large groups of subjects enable sub--groups t o  emerge and reveal  
differences i n  hov people respond t o  the same experimental task. There is 
evidence tha t  people s t ruc tu re  workload d i f f e ren t ly  and t h i e  procedure might 
enable subgroups t o  be i d a t i f i e d ,  such a t  the P300/Nb00 subgroups of t h i s  
experiment. One improvement i n  the analyses would be t o  increase the h e r  of 
sweeps per experimental condition. Perhaps a grea te r  number of s ignif  icac t  
correlat ions would have bear obtained if the averaged EBPs were based on more 
thac six sweeps per ce l l .  Alternat ively,  so- subjects  exhibi t  very c l ea r  
s ing le- t r ia l  EBPr i n  response t o  speech stimilli  (about 1/31 and cor re la t ions  
could be performed on the raw data of there  subjects. 
ANOVA of EBP conmonrnts. The EBP components r e f l e c t  a moderate s e n s i t i v i t y  t o  
---
the  types of workload manipulated i n  t h i s  t e s t .  The c l ea re s t  e f f ec t s  were due 
t o  the-on-task ( fa t igue)  where three measures shoved increases : N l O O  latency, 
M O O  latency, and P500 latency. These EBP changes, in  conjunction with the 
r e l a t i ve ly  good cor re la t ion  between ra t ings  0;' fa t igue  and workload suggests 
why s igni f icant  cor re la t ions  wer e obtained between workload r a t  ingr and the 
P300 amplitude. Other processes besides fa t igue  were operating, however, s ince  
tracking d i f f i c u l t y  also in£ luenced the P300 latency and N400 amplitude. 
Although the influence of memory load was observed i n  a number of s t a t i s t i c a l  
in te rac t ions ,  i t s  influence on the E W  was not strong. 
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Event-related potent f  a1 s  were e l  i c i  ted when a  d i g i t i z e d  word represent ing a  
p i l o t ' s  cal  1-s ign was presented. This aud i t o r y  probe was presented dur ing  
27 workload cond i t i ons  i n  a  3 x 3 ~ 3  design where the  f o l l ow ing  var iab les  were 
manipulated : s h o r t - t e n  mmory load, t r ack i ng  task d i f f i c u l t y ,  and time-on- 
task. Ratings of w o r ~ l o a d  and fa t igue  were obtained between each t r i a l  o f  
a  2.5-hour t e s t .  The data of each subject  were anaiyzgd i n d f v i d u a l l y  t o  
determine whether s i gn i f i can t  co r re l a t i ons  ex is ted  between sub jec t i ve  r a t i n g s  
and ERP component measures. Results ind ica ted  t h a t  a  s i g n i f i c a n t  number o f  
subjects had p o s i t i v e  co r re l a t i ons  between: (1 )  r a t i ngs  o f  workload and 
P300 amp1 i tude ,  (2 )  r a t i ngs  of workload and N400 amp1 i tude ,  and ( 3 )  r a t i n g s  
of fa t igue  and P300 amplitude. These data a re  the  f i r s t  t o  show co r re l a -  
t i o n s  between ra t i ngs  of workload or  fa t igue and ERP components thereby 
r e i n f o r c i n g  t h e i r  v a l i d i t y  as measures of mental workload and fa t ig t le .  
Since ra t i ngs  o f  f a t i g u e  and workload were s i g n i f i c a n t l y  co r re l a ted  for  16 
o f  20 subjects,  f u t u r e  studies of workload would bene f i t  from examining the  
r e l a t i o n s h i p  between them. 
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